In this paper we propose a dynamic way to measure the buffer capacity of an electrolyte by means of an ISF'ETbased coulometric sensor-actuator system whose gate is covered with a porous actuator. A theoretical model for this measurement is presented. Experiments are carried out in nitric and acetic acid as well as in phosphoric acid solutions. A fairly good agreement has been found between the theoretical calculations and the experimental results.
Introduction
The ISFET as a pH sensor has shown some unique advantages over the traditional ion-selective electrodes in some specific fields, such as clinical applications or in uivo monitoring, although it still faces the problem of drift. The integration of a coulometric actuator with an ISFET has led to applications where the drift problem is circumvented. This coulometric sensor-actuator system has successfully been applied to acid-base titrations [l, 21 and the construction of a novel carbon dioxide sensor [3] . So far, this coulometric system can measure both the pH and the concentration of an analyte simultaneously. The construction of a pH-static enzyme sensor employing this system shows the ability of local pH control in the vicinity of the gate of an ISFET [4] . Yet a limitation arising from a delay in response has restricted the applicability of this system. The semiquantitative description of this delay time demonstrated a dependence of the delay on the distance between the sensor and the actuator as well as on the mobility of the species [5] . In order to circumvent this problem, a newly designed umlometric sensor-actuator system that employs a porous gold actuator closely over the gate of the ISLET has been proposed [6] . The basic components of the system are shown in Fig. 1 . The experimental results have shown a considerably reduced delay in system response [6, 7] . A theoretical study has shown that the reduced delay time should be ascribed wb current not only to the largely shortened distance between the sensor and actuator, but also to the diision-limiting barrier of the porous actuator [I. For application to acid-base titration, if the thickness of the actuator is large in comparison to the thickness of the diffusion layer of the species, the time to reach the equivalence point has been found to be approximately linearly proportional to the concentration of the titrated species PI.
The new system has a highly porous actuator closely covering the ISLET. A thick porous layer is in itself a small reaction chamber around the gate of the ISFET. The pH sensing and changing are both taking place inside this chamber. If a small perturbation of titrant is coulometrically generated by applying an alternating current to the porous actuator, the associated pH change inside the porous actuator will be a function of the buffer capacity of the analyte and can be rapidly detected by the WET. This provides a possibility for the new coulometric sensor-actuator system to determine the buffer capacity.
In this paper, we propose a new approach that utilizes this alternating generation of protons and hydrozyl ions for a dynamic determination of the buffer capacity of an analyte.
Principle of operation
The titrant coulometrically generated at the actuator by electrolysis of water can be either protons or hydroxyl ions, depending on the direction of the applied current. The typical reactions at the electrodes are anode:
If a titration is carried out, a constant generation of titrant is required until the depletion of the titrated species. This depletion can be easily detected as the end-point by the sensor. Note that the applied current is usually constant in this case. For a determination of the buffer capacity, one needs to differentiate the full titration curve in such a way. A more convenient way proposed here is the application of a programmed current to measure the buffer capacity directly. Buffer capacity is by definition the reciprocal of the slope of the titration curve. Besides the conventional way that uses a titration, the buffer capacity can also be measured by applying a small perturbation of titrant at different pH values. This is illustrated in Fig. 2 . The solid curved line shown in this Figure is the titration curve of an acid. The abscissa represents the equivalents of added base (left from zero) and acid (right from zero) to the original species. If a small amount of titrant is added in an alternating manner as shown in this Figure, the resulting pH changes will depend on the buffer capacity of the solution, i.e., the reciprocal of the slope of the titration curve at the pH concerned. The perturbation of &rant can be coulometrically generated and the modulated pH can be detected by an ISFET. Both of these can be achieved by an ISFETbased coulometric sensor-actuator system with a gatecovering porous actuator. This operation of the system provides a dynamic way of measuring the butfer capacity. For reasons of simplicity, sinusoidal coulometry will be adopted since it facilitates the mathematical treatment. The response of the system and the determination of the butfer capacity will be dealt with in the next section. 
Mathematical description
System response to a sinusoidal current actuation For the modelling of the ISFET response to a sinusoidal applied actuator current, some assumptions similar to those for a coulometric titration have to be made [7] . These assumptions are:
(1) The diffusion is considered to be one dimensional, which is reasonable because the geometric area of the actuator is much larger than its thickness. The concentration profiles of the species are divided into two parts as shown in Fig. 3 , where x is the distance from the gate to the bulk, perpendicular to the ISFET, and 1 is the thickness of the porous actuator. C,(n, t) and C&r, t) represent the concentration protiles of the species inside and outside the porous actuator, respectively.
(2) The diffusion coefficients of the species inside the porous actuator are considered to be the same as in the bulk solution because of the relatively large pore size of the actuator.
(3) The porosity of the porous actuator is assumed to be homogeneous, and the applied current is assumed to be uniformly distributed over the whole active surface of the porous actuator. As a consequence of this assumption, the titrant is then considered to be uniformly generated inside the porous actuator. The volume occupied by the gold itself is ignored because of the reasonably high porosity of the actuator.
(4) Since the pH is measured by an ISFET, it is no longer necessary to determine the current density at the electrode for the calculation of the electrode potential. When a current is applied to the actuator, the titrant generated in the internal volume of the actuator can be considered as a homogeneous titrant source.
With the assumptions made above, the derivation can proceed. First, a unit pr, defined as the titrant generated per unit time and per unit volume, will be introduced [7] for the description of the titrant source.
For an applied sinusoidal current, the generation of titrant will exhibit a certain initial phase shift, 0, because of the charge transfer and the mass transport from the actuator surface into the pores. When this initial phase shift is taken into account, the applied sinusoidal current can be defined as i=I cos(ot-8)
where I is the maximum value of the amplitude and o is the angular frequency of the applied current, respectively. Then, the titrant production rate per unit volume, pb as has just been defined, is [7] Zf cos[(ftJf -6) + e] Zf cm fd
where Zr is the faradaic portion of the amplitude of the applied current I and F the Faraday constant, V,, is the total volume of the porous actuator, S and I are the geometric area and thickness of the porous actuator, respectively. Here the subscript f is used to denote the corresponding faradaic quantity, because only the faradaic current takes part in the electrode reaction. The equations governing the mass transport of the electroactive species inside and outside the porous actuator are expressed as [7] (4)
where D is the dilfusion coefficient of the electroactive species and K=I,IFSl. The initial and boundary cooditions are t =o, c,(
where C,, is the initial bulk concentration of the species.
The solutions for eqos. (4) and (5) 
the ISFET, which is very closely located to the edge of the actuator (x=0), only the solution C,(O, t) is of interest. Because only the steady-state response is significant, the transient part of eqn. (10) 
The response is sinusoidal with the same frequency as the applied current. Its amplitude and phase shift are dependent on the frequency of the applied current, the diffusion coefficients of the active species as well as the thickness of the porous actuator. It must be noted that the phase shift 4 of the concentration change given in eqn. (13) is defined with respect to the &rant production rate. If the phase shift is measured with respect to the applied current, i, the initial phase shift 13 has to be included as indicated in eqn. (2). The amplitude and phase shift of the change in concentration with respect to the alternatively generated titrant described by eqn. (14) a function of the frequency. The thickness of the actuator is assumed to be 50 pm for the calculation in this plot. The diffusion coefficients are those of protons (dashed lines) and acetic acid molecules (solid lines). The graph shows that as the frequency increases, the amplitude decreases and the phase shift approaches -90". At very low frequency the phase shift will be -45". It should be mentioned here that a part of the total applied current, i,,,,, will be used for the double-layer charging. The amplitude of the double-layer charging current, id,, is a function of the frequency of the applied current, so the amplitude of the faradaic current, i, will also be a function of the frequency of the applied current itotal because ilotpl =&+i,,. The titrant production rate, as defined in eqn. (3), is in this instance not only proportional to the amplitude of the applied current, but also to the frequency. As the frequency increases, the double-layer charging becomes more important. Consequently, the amplitude of the faradaic current decreases and 'the amount of generated species will be less. As a consequence, the titrant production rate decreases. At higher frequencies, the production rate will even practically drop to zero, because the faradaic process hardly proceeds at high frequencies. Due to the effect of the double-layer charging, the amplitude of the response with respect to the applied current will decrease with increasing frequency even faster than expected from eqn. (14). The phase shift will practically go to zero instead of -90" at high frequency.
Buffer-capacity-dependent system responses
Considering a buffer system consisting of a weak acid, HA+H+ +A-, the buffer capacity /3, defined as a small amount of base d [B] needed to change the pH by dpH, is given by [9] (15) where K, is the ion-product of water, K, is the dissociation constant of the acid HA and C, is the initial bulk concentration of the acid, i.e., [HA] 
For the addition of a small amount of titrant A[B], the change of the bulk concentration is su5ciently small. The corresponding pH change, ApH, is
If the addition of titrant is coulometrically generated at the porous actuator, the effective change of titrant A [B] should be taken as equivalent to the associated change of the concentration of the species that will be detected by the ISFET at x=0, i.e., A[B]=AC,(O, t) (see eqn. (13)) and the C,, in the denominator of eqn. (16) should be replaced by C,(O, r). The response to this pH change ApH at the gate of the ISFET is obtained by incorporating eqn. (13) in (16): (17) where,4 and 4 are given by eqn. (14) . The concentration C,(O, t) can be considered as constant and equal to the bulk concentration C, for a small titrant perturbation. If the concentration C, is relatively low compared to the titrant, it will be given by eqn. (13) instead.
Equation (17) shows that the response of the ISFET with respect to a coulometrically generated titrant perturbation is inversely proportional to the buffer capacity of the analyte, provided the titrant perturbation is small. It indicates that the buffer capacity can be determined. It can be seen that this dynamic way of measuring differs from the conventional derivative titration in that the titrant is locally generated by coulometry and the associated local pH changes are rapidly detected by the ISFET. The advantage is that the measurement can be carried out very rapidly without disturbing the bulk solution. However, it should be noticed that the response is also a function of the frequency of the applied current and the geometric dimension of the actuator as well as the mobility of the species (see eqn. (14)). The former two variables will not cause problems for a measurement, because the frequency can be optimized and fixed during the measurement. The geometric dimensional parameters are also constant for a particular device design. The dependence of the response on the mobility of the ions will, however, influence the accuracy of the measurement. As has been noticed before [5, 7] , the protons have a strong influence on the diffusion due to their high mobility. It can be expected that the response of the system during the measurement in an acidic solution will be lower than in a basic solution. One way to minimize this effect is to increase the frequency o of the alternating t&rant or the thickness 1 of the actuator according to eqn. (14) . If the condition (w/~D)"~Z>~ is satisfied, the value of the exponential term exp[-(&D)'Rfl in eqn. (14) will be less than 0.05 and it can be omitted. The amplitude of change in concentration can be considered as independent of the diffusion coefficient of the species. However, the increase of 1 is limited by the available technology.
Another difference of this measurement from a conventional derivative titration is that a phase shift with respect to the titrant production rate or to the applied current is predicted and can be measured. In principle, this has no negative effect on the measurement but can even provide extra information.
It should be pointed out that in this derived model only mass transport is considered. If tbe dissociation and association of protons or hydroxyl ions are kinetically slow, which might occur in some other applications, the description of the response should be modified. However, this topic is beyond the scope of this paper and will not be considered here. Equation (17) can be simplified in some special cases. For a strong acid of concentration C,, the buffer capacity can be simplified from eqn. (17) to = A =4&+ 4) ~ z-4 cNd+ 4)
It can be seen that the change of pH is inversely proportional to the bulk concentration of the acid, which means that the buffer capacity is proportional to the concentration of a strong acid. For a weak acid of concentration C,, with the dissociation constant K, so small that the condition The change of pH is inversely proportional to the square root of the product of K, and the concentration of the weak acid.
Sensor-actuator device
The procedure to make the coulometric sensor-actuator device that has been described before [6, 71 is shown in Fig. 5 . A flat ISFET [lo] is used as the pH sensor with an additional thick layer of Ta,OS of about 150 nm as a barrier to prevent gold from migrating into the silicon. The starting layer of the actuator was a 0.5 pm layer of gold deposited on the ISFET chip by thermal evaporation (Fig. 5(a) ). After patterning by photolithography, an SiOZ layer of approximately 3 pm thickness was deposited by PECVD (plasma-enhanced chemical vapour deposition) on the top of the gate as the sacrificial layer (Fig. 5(b) ). Then, a layer of gold thick-film paste (DuPont 9910) was applied (Fig. 5(c) ). After drying, the thick-film paste was sintered at 600 "C for one hour in a nitrogen atmosphere. The etching of the sacrificial layer and the glass compound in the thick-film paste was carried out in buffered HF for one and a half hours under stirring conditions (Fig. 5(d) ). A typical thickness of the obtained porous actuator is = 100 pm. The chip was finally mounted on a printed circuit board and encapsulated by epoxy.
Set-up
The buffer capacity measuring set-up is shown in Fig. 6 . Since the current source is not floating, the grounded counter electrode works as a reference electrode as well. In this case, the current at low frequency will cause a certain polarization in spite of the very large area of the counter electrode. This polarization potential of the counter electrode will be superposed on the output of the ISFET amplifier and interfere with the measurement. Therefore, an additional saturated calomel electrode is used to measure the polarization potential separately and the signal is sent to the lock-in amplifier for subtraction. The measured current and voltage are presented in effective (root mean square or r.m.s.) values. 
Measurement protocol
The measurement was carried out in a glass vessel at room temperature. Before each measurement nitrogen was bubbled through the solution for 15 min to get rid of the inthrence of carbon dioxide. The vessel was purged with nitrogen throughout the measurement. The measurement started from a high pH to decrease further the influence of carbon dioxide. The pH was changed by adding 1.0 M nitric acid or 1.0 M potassium hydroxide and was monitored by a pH meter with a glass electrode (Radiometer). The current source was built by using the voltage output of a signal generator in a series connection with a 1 MCI resistor. The counter electrode was a large copper strip with plated gold on sinusoidal current source u S.C.E. Fig. 6 . Set-up for buffer capacity measurement. its surface. The lock-in amplifier is a PARTM model 129A.
Results and discussion
The response of the system to the sinusoidal current was recorded. The output of the ISFET amplifier that redects the small change of pH, ApH, was found to be sinusoidal as anticipated. The amplitude of the output V, and the phase shift with respect to the applied current were measured by a lock-in amplifier. The response of the system in nitric acid (circles) and in acetic acid (triangles) as a function of the frequency is shown in Fig. 7 . The applied current, ZsR, is 10 PA.
From this experiment it is concluded that at low frequency (f<S Hz), a sinusoidal current applied to the actuator will result in a small local sinusoidal change of pH. The response of the ISFET to this pH change is a function of the frequency of the current. The amplitude of the response of the ISFET decreases as the frequency increases, because of the decrease of the faradaic current with the frequency as well as the limitation of the diffusion rate of the species at high frequency (see eqn. (14)).
As the frequency increases from 5 to 10 Hz, the amplitude of the ISFET amplifier output decreases to around zero while the phase shift changes rapidly from = -90 to = 0". This indicates that at high frequencies no protons or hydroxyl ions are generated and the current is used only for the double-layer charging. The residual small output signal is only a measure of the solution resistance. If this result is compared with Fig.  4 , one can conclude that the amplitude of the output approximates the theoretically predicted curve. However, the measured phase shift shows a difference with respect to Fig. 4 for the frequencies above 5 Hz. The reason is that the faradaic current drops to zero and the solution resistance will give no phase shift with respect to the current. Another difference of this result from the theoretical prediction as given by eqn. (14) is caused by the effect of the initial phase shift 0 (see eqn. (2)), because the phase shift 4 described by eqn. (14) is with respect to the titrant production rate pr (eqn. (3)), but the measured phase is with respect to the applied current i (eqn. (2)). The measured phase will shift more than predicted by eqn. (14) if this initial phase shift for low frequencies is taken into account, as can be seen for f<S Hz in Fig. 7 . The important conclusion from this result is that the sinusoidal generation of titrant is possible, but is limited to frequencies below 10 Hz.
The measurement result also shows that the amplitude of the ISFET amplifier output in acetic acid is higher than in nitric acid. This proves that the response is also a function of the buffer capacity of the solution, since a fully dissociated acid has a higher buffer capacity. However, the amplitude differences of the output for the different acids are not exactly the same as calculated with eqns. (18) and (19). The reason is that these equations are simplified by assuming a constant concentration of the buffer solution and the concentration of titrant, d [B] , is assumed to be infinitely small. In practice the change of titrant A[B] is relatively large if the buffer capacity is low and in this case the titrant itself will also function as a buffer.
The buffering property of acetic acid at different pH values was measured and the result is shown in Fig.  8 (triangles with solid line in upper part of the Figure) . A frequency of 1 Hz was chosen in order to obtain a relatively high output. The measurement results are presented as the reciprocal of the ISFET amplifier potential V,. This reciprocal expression of the results directly reflects the buffer capacity as a function of pH. At pH= pK,, a maximum buffer capacity can be found from the experimental results. It is in fairly good agreement with the theoretical description. For the comparison, the theoretical value according to eqn.
(15) was calculated and is also shown in Fig. 8 (lower part of the Figure) . It can be seen that the measurement curve is quite similar. to that of the theoretical calculation. However, a small terrace has been found in the experimental curve below pH=7, as is encircled in Fig. 8 . This effect is due to the high mobility of the protons, as has been mentioned before. It can also be explained by referring to Fig. 4 or eqn. (14) in that the output of the ISFET response is also a function of the diffusion coefficients of the species. In a buffered region (pH = pK* l), the dominant diffusion species are the acid molecules and therefore their diffusion coefficient has to be substituted into eqn. (14) for calculation. In this experiment the buffer region of acetic acid is around pH = pK, = 4.74. Beyond this buffer range the diffusion coefficient of the protons should be substituted into eqn. (14) for pH<7 (except pH=pK& 1) and that of the hydroxyl ions has to be substituted into eqn. (14) for pH>7. This will result in an amplitude difference above and below pH 7. These experimental results and calculations mean that the mobility of protons or hydroxyl ions will also influence the measurement, which causes a deviation in these dynamic measurement results from that measured in a static way, such as a volumetric titration. This diffusion effect functions as a kind of interference for the dynamic buffer capacity measurement. The possible ways to reduce the effect are either to apply a thicker actuator or to increase the frequency of the applied current during operation according to eqn. (14). However, a thick actuator is technologically difficult to make and the increase in frequency is restricted by the effect of the double-layer charging, as has been discussed before. Applied currents at frequencies above 10 Hz will not effect a coulometric generation of titrant. Moreover, the smaller perturbation of titrant by a high- frequency current will result in a smaller pH change, causing a very small output signal of the ISFET, thereby also decreasing the measurement resolution. Besides the measurement of the buffer capacity of the monobasic acid solution, phosphoric acid was also measured at different pH values and the results are presented in Fig. 9 as the reciprocal of the ISFET recording. The theoretical curve is not presented because the calculation is rather cumbersome. However, the available knowledge from earlier studies is adequate for evaluating the experimental results Ill]. It is known that the maximum buffer capacity appears at the pK values of a polybasic acid. It is therefore expected that the buffer capacity curve of phosphoric acid will have three peaks at p&=2.15, p&=7.2, p&=12.32. The peak around pH=7.2 was distinctively present in the measurement, whereas the other two peaks are not seen because they are within the solvent buffering region, i.e., strong acid or base buffering region. The high concentration of protons or hydroxyl ions below pH = 3 and above pH= 11 will show a high buffer capacity, which makes it difficult to distinguish the other two peaks from this buffer capacity curve of phosphoric acid. Similar to the measurement in acetic acid, the buffer capacity is clearly higher in the acidic region than in the basic region, as explained above. Nevertheless, the results from measurements are in good agreement with the theoretical buffer capacity of an analyte.
Conclnsions
In this paper, a dynamic way of sensing the buffer capacity by means of a coulometric sensor-actuator system with a gate-covering porous actuator has been proposed. The buffer capacity is measured by a small sinusoidal change in the concentration of titrant, which is coulometrically generated by applying a sinusoidal current to the porous actuator. The experimental results have shown that the frequency range for an effective generation of sinusoidal perturbation of titraot is below 10 Hz. The amount of titraot generated decreases with the increase of the frequency of the applied current, because of double-layer charging interference. The detected change in pH by the ISFET is found to be dependent on the buffer capacity of the aoalyte. Because the diffusion effect also contributes to the measurement, the mobility of protons, being higher than that of hydroxyl ions, will cause the measured pH change to be smaller io the acidic region than io the basic region. Consequently, our results show a small deviation from those obtained with static measurement methods, and this should be taken into account in interpreting the dynamic measurement results. 
